A superoxide dismutase (SOD) gene of the parasitic protist Trichomonas vaginalis was cloned, sequenced, expressed in Escherichia coli, and its gene product characterized. It is an iron-containing dimeric protein with a monomeric mass of 22 067 Da. Southern blots analyses suggested the presence of seven iron-containing (FeSOD) gene copies. Hydrophobic cluster analysis revealed some peculiarities in the 2D structure of the FeSOD from T. vaginalis and a strong structural conservation between prokaryotic and eukaryotic FeSODs. Phylogenetic reconstruction of the SOD sequences confirmed the dichotomy between FeSODs and manganese-containing SODs. FeSODs of protists appeared to group together with homologous proteobacterial enzymes suggesting a possible origin of eukaryotic FeSODs through an endosymbiotic event. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Trichomonas vaginalis is one of the commonest causes of sexually transmitted infections in humans [1] . Among the di¡erent enzymatic pathways present in T. vaginalis, the antioxidant defense system is not well known. Catalase, involved in hydrogen peroxide (H P O P ) elimination, has not been detected in T. vaginalis nor has glutathione and glutathione peroxidase activity [2] . Superoxide dismutases (SOD, EC 1.15.1.1) catalyze the dismutation of the superoxide anion into molecular oxygen and H P O P . Three di¡er-ent classes of SOD have been described depending upon the metal cofactor utilized: copper/zinc-containing SODs (Cu/ZnSODs), found in eukaryotes and bacteria; manganese-containing SODs (MnSODs), present in prokaryotes and mitochondria; and iron-containing SODs (FeSODs), detected in prokaryotes, chloroplasts and protists. Four classes of bacteria are also known to possess activity with either iron or manganese incorporated in the same protein moiety (cambialistic SODs). FeSODs and MnSODs resemble each other in their primary [3] and tertiary structure [4^6] , suggesting a common ancestry [7] . In contrast Cu/Zn and Mn-Fe types of SOD never shared a common ancestry according to their distinctive amino acid sequences [3] and completely di¡erent tertiary structures [8] . SOD activity has been detected in T. vaginalis [2] . The cyanide insensitivity and azide sensitivity of this enzyme indicate that it contains iron. In a previous study, we have described 12 FeSOD partial genes (polymerase chain reaction (PCR) products) from various trichomonads, including ¢ve T. vaginalis sequences [9] . We report here the cloning, gene structure, expression and secondary structure of a sixth FeSOD in T. vaginalis. We con¢rm the presence of a multiple-gene family involved in coding for FeSOD in this parasite and have further compared T. vaginalis FeSOD with other SODs from prokaryotes and eukaryotes.
Materials and methods

Microorganisms and DNA libraries
T. vaginalis strain NIH-C1 (ATCC 30001) was grown axenically on trypticase-yeast extract-maltose medium supplemented with 10% (v/v) heat-inactivated horse serum. VZAPII cDNA and EcoRI-digested gDNA libraries were kindly provided by Dr. P.J. Johnson (Los Angeles, CA).
Preparation of DNA probe and screening of the libraries
Degenerate oligonucleotides (S17 and AS17) deduced from conserved stretches of MnSODs and FeSODs ( Fig. 1) were used in PCRs. A product of the expected 409-bp size was obtained in T. vaginalis as described [9] , labeled with [ QP P]dCTP by random priming (Promega) and used as a probe to screen the T. vaginalis libraries. The pBluescript phagemids containing the inserts were excised with R408 helper phage according to the in vivo excision protocol (Stratagene), ampli¢ed in Escherichia coli XL1 Blue and puri¢ed by the mini-preparation procedure. Both strands of selected inserts were sequenced by the dideoxynucleotide chain termination method with primer walking. The DNA nucleotide sequence presented here is available in the GenBank database under accession number AF022423.
Protein expression and enzyme assays
Expression of the FeSOD from T. vaginalis was done using a two-plasmid system [10] . The entire coding region of the TvSOD6 gene was ampli¢ed by PCR using a sense primer Exp1F which contains a NdeI site and an antisense primer Exp2R which contains a PstI site (Fig. 1) . The PCR-ampli¢ed fragment was digested with NdeI and PstI then ligated in-frame with the similarly digested pT7-7 expression vector. All PCR-derived clones were sequenced and found to match the parent clone TvSOD6. The pT7-7 vector containing the introduced gene was used to transform competent E. coli double mutant strain K38, lacking genes for both MnSOD and FeSOD [11] , and containing the pGP1-2 plasmid. As a control, competent E. coli strain K38/pGP1-2 was transformed with the pT7-7 vector without insert. Expression of the introduced gene was initiated by heat induction. After centrifugation and sonication of the cells, the concentration of proteins in the supernatant was determined by the method of Bradford [12] . A sample was analyzed on a nondenaturing 12% SDS-polyacrylamide gel and the gel was stained with Coomassie brilliant blue R-250. Tests for SOD activity were done using the pyrogallol method [13] (1 U of SOD activity corresponds to 50% inhibition of the pyrogallol autoxidation observed in the control in the absence of the enzyme) and the nitroblue tetrazolium (NBT) staining method [14] .
DNA extraction and Southern hybridization
DNA was isolated from T. vaginalis as described [15] , digested with speci¢c restriction endonucleases, size-fractionated in 0.8% agarose gels, and blotted to a nitrocellulose membrane (Hybond N , Amersham). Blots were hybridized to a radiolabeled probe corresponding to the gel-puri¢ed 256-bp fragment, obtained from the clone TvSOD6 of T. vaginalis by digestion with HindIII (Fig. 1). 
Isolation and analysis of RNA
Transcripts were detected by Northern blot analy-sis of electrophoresed total T. vaginalis RNA on 1% agarose/formaldehyde gels that was transferred to a Hybond N membrane. The ¢lter was hybridized under highly stringency to a gel puri¢ed 239 bp fragment, obtained from a cDNA clone lacking a long 5P region of the ORF and exhibiting complete identity with the nucleotide sequence of the gDNA clone TvSOD6 (nucleotides 350^588, Fig. 1 ).
Hydrophobic cluster analysis (HCA)
Sequences of di¡erent monomers of FeSODs including T. vaginalis were compared through 2D HCA using the HCA-PLOT software (Doriane Cie, France) [16] . Principal elements of secondary structure were labeled Hi and Sj for helices and strands, respectively.
Phylogenetic reconstruction
The derived amino acid sequence of the gene TvSOD6 from T. vaginalis was aligned with a set of related sequences retrieved from the databases. The alignment used was based on a comparative structural alignment of E. coli FeSOD and Thermus thermophilus MnSOD [6] . A database of aligned sequences was assembled with the ED program of the MUST package [17] . A distance matrix based on the number of identical residues in aligned positions was calculated with the NET program of MUST. The distance matrix was analyzed by the neighbor-joining method implemented in the MUST package. Bootstrap proportions were obtained from 1000 replicates. Alignment and boundaries will be sent upon request.
Results and discussion
3.1. Characterization and RNA expression of a gDNA clone encoding for an FeSOD in T. vaginalis
Among the isolated gDNA clones, the clone TvSOD6 of T. vaginalis contained a complete open reading frame (ORF) of 582 bp encoding a polypeptide of 194 amino-acyl residues ( Fig. 1 ) with a molecular mass of 22 067 Da. As deduced from the predicted protein sequence (see below), the clone TvSOD6 encoded a SOD related to FeSODs. Closely preceding the proposed initiator Met I residue was the motif TCATTTTTTAGAA, which was in good agreement with the consensus sequence TCAYT-WYTCATTA replacing the TATA box as a transcription initiation site element for protein coding genes of T. vaginalis [18] . A cDNA clone isolated in this study gave the same amino acid sequence as the TvSOD6 clone but lacked a long 5P region of the ORF (Fig. 1) . On the DNA level, the complete identity between this cDNA clone and the gDNA clone TvSOD6 strongly suggested that the gene was transcribed. Northern analysis of total RNAs isolated from T. vaginalis performed under high stringency with a radiolabeled 239-bp fragment corresponding to the full-length sequence of the insert of this cDNA clone showed transcripts of approximately 800 nucleotides ( Fig. 2A) .
Copy number of FeSOD genes in T. vaginalis
The deduced amino acid sequence of the TvSOD6 clone was aligned with the ¢ve partial T. vaginalis FeSOD sequences (data not shown) previously obtained by PCR [9] . Six distinct FeSODs were identi¢ed; they were between 3.2% and 18.4% di¡erent from each other at the amino acid level. On the nucleotide level, the respective sequences were between 3.5% and 16.8% di¡erent from each other. A Southern blot of genomic DNA cleaved with restriction enzymes was hybridized to a TvSOD6 fragment corresponding to nucleotides 140^395 (Fig. 1 ). There were no cleavage sites for BglII, EcoRV and NsiI within the 140^395-bp region of any T. vaginalis FeSOD gene. As shown in Fig. 2B , the TvSOD6 gene-speci¢c probe strongly hybridized to one band with BglII-(12.2 kb), EcoRV-(1.8 kb) and NsiI-digested DNA (2.8 kb), suggesting that there was only one gene copy of TvSOD6. The probe cross-hybridized to other T. vaginalis FeSOD genes, leading to additional bands on the blots. Six bands were observed with BglII-and EcoRV-digested DNA and seven bands with NsiI-digested DNA. Among the bands observed with BglII-or EcoRV-digested DNA, some of them such as the 2.2-, 3.1-and 9.5-kb ones could be potential dimers according to their respective intensity, which could explain the di¡er-ence in the number of genes obtained with BglII/ EcoRV-and NsiI-digested DNA. These results sug- gested there were at least seven FeSOD gene copies in T. vaginalis. Sequencing studies in T. vaginalis showed that for many proteins such as glyceraldehyde-3-phosphate dehydrogenase [19] , L-tubulin [20] and others, several highly similar gene copies exist in its genome. The biological signi¢cance of multiplicity of gene copies in T. vaginalis is probably underestimated at present and remains unknown.
Analysis of the TvSOD6 sequence and comparison with SOD sequences from other organisms
The deduced amino acid sequence of the TvSOD6 clone was compared with all the related FeSODs and a set of cambialistic SOD and MnSOD sequences (Fig. 3 and data not shown) . The single ORF of the TvSOD6 clone could be easily aligned with homologous sequences, suggesting the lack of introns, as also noted for all other genes of this organism sequenced so far. Comparison of the TvSOD6 sequence with various SOD sequences revealed a higher degree of identity to the FeSODs (37.6^46.4%) than to the MnSODs (34.3^37%). FeSODs and MnSODs can be distinguished on the basis of several single-site substitutions [21] . Three critical residues speci¢c for FeSODs (Ala TU , Gln TV and Ala IQW ; numbering as in the T. vaginalis sequence) were found in the primary structure of TvSOD6 but none of the residues de¢ning MnSODs (Gly, Gly and Gln, re- spectively). A fourth critical residue speci¢c for FeS-OD (Tyr US ) showed conservative replacement (Tyr USPhe US ). These data suggested that the gene TvSOD6, like those already partially sequenced in T. vaginalis and other trichomonad species [9] , encoded FeSOD. In addition to these residues, Trp UH has been proposed to be FeSOD-speci¢c and to confer H P O P sensitivity [22] . In T. vaginalis, this residue is replaced with Phe without changing the sensitivity towards H P O P [2] . The structure of FeSODs from Pseudomonas ovalis [21] and E. coli [6] has been studied in detail by X-ray di¡raction. FeSODs from these organisms are active as homodimers, each monomer binding one iron atom. The molecular mass of these dimers is approximately 44 kDa in accordance with that found in T. vaginalis (this study). The residues that serve as metal ligands (His PS , His UP , Asp ISR and His ISV ) were present in the T. vaginalis FeSOD. Lah and coworkers [6] have shown that the interactions between the two monomers composing the active E. coli FeSOD involved 17 residues from each chain. A sequence comparison revealed that 15 of those residues were present in the T. vaginalis enzyme.
In our alignment, an insert of seven residues was present in MnSODs between helices H2 and H3. This insertion was absent in FeSODs except in cyanobacteria and chloroplasts. In the latter enzymes, this insert consisted of ¢ve amino acids which differed from those found in MnSODs and was thus a clear synapomorphy for cyanobacteria and chloroplasts. An interesting point was the analysis of the cambialistic SOD sequences since Hassan [7] suggested that this class of SOD could represent an evolutionary intermediate between FeSODs and MnSODs. Around the second ligand (His UP ), the amino acid sequences of P. gingivalis and B. fragilis were more related to the Fe-type of SOD than to the Mn-type of SOD whereas SODs from S. mutans, Methylomonas sp. and P. shermanii [22] were considered to be MnSODs on the basis of their amino acid sequences. These data underline our poor understanding of selectivity of SOD proteins for either Fe or Mn [6] .
Analysis of the secondary structure of the monomer of FeSOD from T. vaginalis
The primary structure of the TvSOD6 sequence exhibited some peculiarities in its amino-terminal part that presented a very low similarity with other SODs (Fig. 3) . In order to draw a possible link between sequence peculiarities and structure, a comparative HCA has been established from the enzyme of T. vaginalis and those of other organisms (Fig. 4 and data not shown). The known 3D structure of the E. coli FeSOD [6] was used to re¢ne the prediction of 2D clusters and to connect the secondary structural elements with the overall tertiary structure. In general, the monomer of T. vaginalis presented the same types of hydrophobic clusters as the other FeSODs analyzed such as that of E. coli indicating a strong structural conservation between proteobacterial and eukaryotic FeSODs. All secondary structure elements were seen in the HCA plot of the T. vaginalis monomer. Proline and glycine residues were also correctly distributed along the plots separating the sequence in the di¡erent domains known from the 3D structure of E. coli. More divergence was noted in the amino-terminal part of the T. vaginalis sequence. However, in T. vaginalis, the ¢rst 12 residues presented an extended conformation as observed in the E. coli FeSOD. The domain located between residues Pro IR and Pro SH was larger than the corresponding one on the other plot. Nevertheless, the ¢rst helix could begin with Val PP^P ro SH and the region between Pro IR and Val PP could be an external loop in the protein as described in E. coli. The domain located between Pro SH and Pro TI includes the helix H2, speci¢c for dimeric forms of SODs [6] . This helix is absent from tetrameric forms of MnSODs [4, 5] because of their quaternary organization. The HCA plot con¢rms that the T. vaginalis FeSOD is dimeric and suggests that its 3D structure might be close to that determined in E. coli [6] .
Phylogenetic analysis
Relationships of the aligned sequences with T. vaginalis (TvSOD6) were evaluated with distancebased method of phylogenetic reconstruction. In our unrooted tree (Fig. 5) , the monophyly of FeSODs was strongly supported by bootstrap values (100% of the replicates). The hypothesis suggesting that cambialistic enzymes could be a link between MnSODs and FeSODs seemed unlikely according to their clustering with either FeSODs (P. gingivalis and B. fragilis) or MnSODs (S. mutans and Methylomonas sp.). Our further analysis was focused on the evolutionary relationships among organisms inferred from the comparison of FeSOD proteins. Although the number of FeSOD sequences was quite restricted, our tree consisted of clades which corresponded well to major groups of eubacteria recognized on the basis of rRNA sequence analyses [23, 24] . These were the bacteroids, cyanobacteria and proteobacteria. Chloroplast FeSODs from plants and chlorophyta (Chlamydomonas reinhardtii) grouped consistently with the cyanobacterial FeSODs (72% of the replicates) re£ecting the synapomorphy observed above in their primary structures. Therefore our results point to an origin for all plastids among the cyanobacterial lineage as already shown by others according to di¡erent molecular indicators. Among the proteobacteria, FeSODs from species of the L-and Q-proteobacterial subgroups clustered in our analysis (bootstrap values of 48%) whereas N/O-proteobacteria exhibited the deepest branching. Protists, including T. vaginalis, composed a monophyletic group which was not well supported by bootstrap analysis. Monophyly of the clade including protists and groups of proteobacteria was found in 64% of the replicates but the relationships among this clade were not well supported by bootstrap values. This clustering of protistan FeSODs with proteobacterial enzymes as their strong structural conservation observed by HCA might indicate an origin of eukaryotic FeSODs through an endosymbiotic event as has recently been suggested for the triose phosphate isomerase [25] and heat shock proteins [26] . Currently, insu¤-cient data are available, primarily on K-proteobacteria, to con¢rm this hypothesis.
Expression of T. vaginalis FeSOD
Mutant E. coli strain K38/pGP1-2 was transformed with the pT7-7 vector, harboring the T. vaginalis FeSOD gene and heat-induced. This resulted in a 22-kDa protein on denaturing polyacrylamide gel which is absent on the pro¢le of the induced control strain (Fig. 6) . The protein band with a molecular mass of 22 kDa was consistent with the molecular mass of 22 067 Da calculated from the amino acid sequence derived from the gene TvSOD6. The SODcontaining fraction analyzed gave a speci¢c activity of 256 U mg 3I indicating that the recombinant protein produced was a SOD of T. vaginalis. No SOD activity was detected in the control transformant. This recombinant enzyme is a dimeric protein and uses iron as metal cofactor as demonstrated by the NBT test (data not shown), con¢rming previous activity assays [2] , structure and sequence data (this study).
In conclusion, it is to be hoped that FeSOD of parasites such as trichomonads will be useful targets for chemotherapeutic agents since these SODs might be inhibited by compounds which do not a¡ect mammalian Cu/ZnSODs or MnSODs [27] . Fig. 6 . Expression of T. vaginalis FeSOD (TvSOD6) in E. coli strain K38. Coomassie blue-stained SDS-polyacrylamide gel of proteins (4 Wg) from lysates of induced E. coli K38/pGP1-2/pT7-7 without insert (1) and induced E. coli K38/pGP1-2/pT7-7 with insert (2). The recombinant protein produced of 22 kDa is indicated (arrowhead). Molecular weight markers (in kDa) are shown (M).
